Using three-dimensional classical ensembles, we have investigated the internuclear distance dependence of nonsequential double ionization (NSDI) of H 2 molecules by an 800 nm, 1 × 10 14 W/cm 2 laser pulse. For the internuclear distance R ranging from 2 to 12 a.u., the NSDI of H 2 provides rich correlation patterns in the two-electron momentum distributions. These correlation patterns essentially reveal different microscopic dynamics in NSDI process. Moreover, our calculations show that R ≈ 4 a.u. is the critical distance for double ionization yield of H 2 . These results are qualitatively explained based on the classical barrier expression model and back analysis.
Nonsequential double ionization (NSDI) is introduced since the observation of unexpectedly high double ionization probabilities of atoms which were inconsistent with sequential ionization [1] . Nowadays, it is widely accepted that rescattering model is the dominant mechanism for both atomic [2, 3] and molecular [4, 5, 6 ] NSDI processes. Compared with the case of atoms, molecules possess an additional vibrational coordinate (internuclear distance R), this additional coordinate should also exert influence on NSDI of molecules and make molecular NSDI process more complex to be investigated.
As the simplest molecules, double ionization (DI) of H 2 (D 2 ) has been intensively investigated. It has been found that the mechanism for molecular ionization is not only dependent on laser intensity but also related to R. When R is stretched to several times of the equilibrium internuclear distances, the ionization rate of the molecular fragments is significantly enhanced. This anomalously high ionization of the molecular fragments was referred to as charge resonance enhanced ionization [7] , which belongs to the sequential ionization regime [8] . Both experimental [9, 10] and theoretical studies [7, 11, 12 ] have revealed the above described enhanced ionization. On the other hand, short range double ionization of molecules is much less probable and includes ionization paths related to NSDI of molecules [5, 14] .
In this paper, with the three-dimensional (3D) classical ensemble model, we investigate the R-dependence of electron correlation in NSDI of H 2 driven in a linearly polarized laser field. The two-electron momentum distributions, strongly dependent on the internuclear distance, exhibit rich correlated patterns. In addition, DI yield is also strongly dependent on R. When R ≈ 4 a.u., DI yield reaches the maximum. Qualitative analysis based on the classical barrier expression model [15] and back analysis reveals that this R-dependence of electron correlation and double ionization yield originates from the R-dependent potential well, the R-dependent ionization potential of the second electron and the R-dependent rescattering probability of the first ionized electron.
The 3D classical ensemble model has been described in detail in [16] . This model has been employed to study NSDI extensively [17, 18, 19, 20, 21] . For H 2 , the electron-nuclear interaction and the electron-electron interaction are represented by a two-center 3D soft-Coulomb potential (in atomic units)
, r 1 , r 2 represent the electronic coordinates, and R is the internuclear vector. a, b are shielding parameters for the attraction of H + and the electron-electron interaction respectively. The evolution of the two electrons are governed by Newton's equations of motion:
, with i = 1, 2 denoting different electrons. E(t) is a linearly polarized laser field. Without loss of generality the molecule is assumed to lie in the x − z plane. In present calculations, the two nuclei are fixed at (-Rsin φ , 0, -Rcos φ ) and (Rsin φ , 0, Rcos φ ), respectively, where φ is the angle between the molecular axis and the z axis. The electric field E(t) is a 800 nm linearly polarized laser pulse with a polarization direction along the z axis and a total duration of 10 optical cycles, two-cycle turn on, six cycles at full strength, and two-cycle turn off.
For H 2 driven in an intense laser pulse, NSDI is dominated at laser intensities below 2 × 10 14 W/cm 2 , and sequential double ionization (SDI) is dominated at higher intensities [13, 14] . Based on our concerns of the R dependence of electron correlation in NSDI of H 2 , the laser intensity employed in our simulation is 1 × 10 14 W/cm 2 . For this intensity, NSDI dominates double ionization of H 2 and the NSDI yield is significant. While for lower intensities, double ionization yield is much low. For each internuclear distance R, the ground-state energy of H 2 is obtained from Ref. [22] . Similar to [18] , b is set to 0.05. In order to avoiding autoionization and guaranteeing a stable initial ensemble, a is set to be 1.25. The starting position of the electron pairs is distributed along z axis using a random probability distribution.We firstly select out the electron pairs whose available kinetic energy is positive, then the position and momentum distributions of the initial ensemble are obtained by the same method as that described in Ref.
[21]. Figures 1(a) and 1(b) show the position distributions of the initial ensemble of H 2 along the x and z axes respectively when R=6 a.u. for parallel alignment (φ = 0). Once the initial ensemble is obtained, the laser is turned on and all trajectories are evolved in the combined Coulomb and laser fields. At the end of the laser pulse, we examine the NSDI yield. We define that the molecule is doubly ionized if the energies of both electrons are positive and singly ionized (SI) if either electron firstly possesses positive energy. In the semiclassical model by Chen and Nam [24] , the first electron is ionized through tunneling and the probability is calculated by ADK theory. While for the completely classical model in our paper, the first electron is ionized above the suppressed potential barrier, and there is no tunneling ionization. We define recollision if the distance between the two electrons is less than d=5 a.u. after the ionization of the first electron. The statistical results change very little when d ranges from 4 to 7 a.u. If recollision occurs, DI is classified into NSDI. Otherwise DI is classified into SDI. Figure 2 shows the correlated electron-electron momentum spectra in the direction parallel to the laser field for different R ranging from 2 to 12 a.u. when the molecular axis is parallel to the laser polarization (φ = 0). k
represent the momentum components of the two electrons parallel to the laser field direction, respectively. The NSDI of H 2 for different internuclear distances provides rich correlation patterns, which are strongly dependent on R. When R=2 a.u. [see Fig. 2(a) ], the correlated pattern exhibits a fingerlike-structure. The fingerlike-structure corresponds to the recoil collision in a (e, 2e) recollision process [25] . When R=4 a.u. [see . For large R [e.g., see Fig. 2(h) ], the correlated pattern corresponds to the recollisionexcitation with subsequent field-ionization (RESI) mechanism [27], for which both electrons are ejected independently after recollision and can be found in all quadrants. When R is even larger, a H 2 molecule is appreciated to two independent H atoms, the correlation between two electrons is expected to be more weak, and the DI events should be more uniformly distributed in all the quadrants. Figure 2 also gives information about the total DI, NSDI yields for different R. Based on the above definitions of DI, NSDI and SI, we calculate the total DI, NSDI, SI probabilities and the ratio of the NSDI probability to the DI probability as functions of R, which are shown in Figs.  3(a-d) . When R=4 a.u., the total DI, NSDI, SI probabilities reaches the maximum at the same time, while the ratio of the NSDI probability to the DI probability is minimum. As shown in Figs. 3 (a-c) , the DI, NSDI and SI probabilities increase rapidly at first and then decrease slowly with R increasing from 2 to 12 a.u. While the ratio of the NSDI probability to the DI probability decreases quickly at first and then increases slowly and finally decreases with R increasing. The dependence of correlated electron momentum distributions on R can be understood in the ratio of the NSDI probability to the DI probability. Finally, we qualitatively discuss the origin of above results about correlated momentum distributions and the NSDI probability. As is known, SDI is a DI process in which two electrons are independently emitted via tunnelling ionization while NSDI is resulted from the recollision between the returning electron and the parent ion. Therefore, for a fixed R, the SDI probability is determined by the SI probability, the ionization potential of the second electron (I p2 ) and the double potential well distorted by the external laser field. In addition, the NSDI probability is also determined by the rescattering probability and the returning energy of the first ionized electron.
The R-dependent SI probability has been plotted in Fig. 3(c) , which is consistent with previous theoretical results [11] and explained by the occurrence of an avoided crossing between the covalent ground state and the ionic excited state [12] . Figure 4(a) shows the R-dependent I p2 [22] . As R increasing, I p2 decreases monotonically. In Figs. 5(a-c) , we show the field distorted double potential wells (the laser electric field reaches the maximum) for R=2, 4, 9 a.u. respectively. The energy of the second electron is denoted by the black dashed line. Based on the same statistical criterion as that for NSDI, the rescattering probability of the first ionized electron as a function of R is plotted in Fig. 4 (b) , which decreases with R increasing. The returning energies obtained by back analysis are similar for different R and thus make negligible influence on recollisions when R varies. Thus, the NSDI probability is mainly determined by I p2 and the rescattering probability.
When R=2 a.u., the potential well resembles that of helium. For ionization to occur, the second electron must tunnel through the large outer barrier, as shown in Fig. 5(a) , resulting the low ionization probability. Moreover, the ionization of the second electron should be aided by the recollision between the first electron and the parent ion and thus most DI paths are related to NSDI. Thus, the probability ratio of NSDI to DI is very high. However, the NSDI probability is low because of the low SI yield and the high I p2 . As R increases to 4 a.u., the outer barrier is more effectively suppressed [see Fig. 5(b) ], resulting in the increase of the tunnelling probability of the second electron. Additionally, the SI probability increases to its maximum and I p2 is lower. As a result the SDI yield is largely enhanced. For the NSDI yield, it also increases largely for two reasons. Firstly, though the rescattering probability is reduced, the high SI yield still leads to a large number of the rescattering electrons. Secondly, I p2 is lower. By comparison, the enhancement in SDI yield is more remarkable, resulting the probability ratio of NSDI to DI decreasing.
When R increases further, the inner barrier becomes wider [see Fig. 5(c) ], impeding the tunnelling of the second electron and thus resulting in the decrease of the SDI yield. Besides, the NSDI yield is also reduced as a result of the decrease of the SI yield and the rescattering probability of the first ionized electron. When R ranges from 4 to 7 a.u., the decrease of the SDI yield is more remarkable than that in the NSDI yield, therefore, the probability ratio of NSDI to DI increases. When R is larger than 7 a.u., the rapidly decreasing rescattering probability leads to a more prominent decrease of the NSDI yield compared to that of the SDI yield, thus the probability ratio of NSDI to DI starts to decrease. We also calculated NSDI of H 2 for two cases of nonparallel alignment: φ =π/4 and π/2. We found that the correlated electron spectra also exhibit rich similar patterns as the case of parallel alignment. For nonparallel alignment [see Fig. 6 ], the dependence of double ionization yield on the internuclear distance is similar to that of the parallel alignment case. However, the double ionization yield decreases quickly with the alignment angle increasing. The yield for perpendicular alignment is much less than that for parallel alignment. When the molecular axis is aligned perpendicular to the laser polarization, the electron is more tightly bound than when the laser field is applied along the molecular axis, and the laser field is now acting over a shorter distance and is less effective in causing a suppression of the potential barrier [15] . As a result, the ionization is suppressed greatly.
In summary, we have theoretically investigated the internuclear distance-dependence of electron correlation in NSDI of H 2 molecules by an intense linearly polarized laser field with classical 3D ensemble model. The correlated electron momentum spectra strongly depends on the internuclear distance R. The rich correlated patterns essentially reflect the different microscopic dynamics in double ionization process for different internuclear distance. Our simulations show a critical internuclear distance of about 4 a.u. for NSDI of H 2 , where NSDI probability reaches a maximum. These results provide an insight into the important role of the structure of diatomic molecules in NSDI.
